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Structural health monitoringAbstract Advanced crack monitoring technique is the cornerstone of aircraft structural health
monitoring. To achieve real-time crack monitoring of aircraft metal structures in the course of ser-
vice, a new crack monitoring method is proposed based on Cu coating sensor and electrical poten-
tial difference principle. Firstly, insulation treatment process was used to prepare a dielectric layer
on structural substrate, such as an anodizing layer on 2A12-T4 aluminum alloy substrate, and then
a Cu coating crack monitoring sensor was deposited on the structure fatigue critical parts by pulsed
bias arc ion plating technology. Secondly, the damage consistency of the Cu coating sensor and
2A12-T4 aluminum alloy substrate was investigated by static tensile experiment and fatigue test.
The results show that strain values of the coating sensor and the 2A12-T4 aluminum alloy substrate
measured by strain gauges are highly coincident in static tensile experiment and the sensor has excel-
lent fatigue damage consistency with the substrate. Thirdly, the fatigue performance discrepancy
between samples with the coating sensor and original samples was investigated. The result shows
that there is no obvious negative inﬂuence on the fatigue performance of the 2A12-T4 aluminum
alloy after preparing the Cu coating sensor on its surface. Finally, crack monitoring experiment
was carried out with the Cu coating sensor. The experimental results indicate that the sensor is
sensitive to crack, and crack origination and propagation can be monitored effectively through
analyzing the change of electrical potential values of the coating sensor.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
There is a high possibility that aircraft metal structures will be
damaged due to fatigue loading, wearing, environment corro-
sion and other factors during their service.1,2 Along with
damage accumulation, structural load-bearing capacity will
decline continuously, which can cause structure failure, or
worse, sudden rupture which will lead to the occurrence of
Fig. 1 Shape and dimension of sample.
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important approach to ensure the safety and reliability of the
aircraft structures is condition assessment and fault early
warning for the aircraft structures. And the top priority is fati-
gue crack detection and real-time monitoring.
At present there are certain types of sensor applied to air-
craft structural damage monitoring, including optical ﬁber sen-
sor,3 piezoelectric sensor,4,5 comparative vacuum monitoring
sensor,6 and eddy current sensor,7,8 acoustic emission sensor,9,
etc. However, when these sensors are applied to aircraft metal-
lic structural crack monitoring, they may have their own limi-
tation such as the difﬁculty of functional and structural
integration with aircraft metal substrate, mediocre capability
to withstand severe and complicated working environment,
and application limit caused by high cost and high requirement
on equipment and technology.10,11 Therefore, it is essential to
develop a simple and reliable structural crack monitoring
technique.
In recent years, electrical potential difference method has
achieved rapid development and wide application in non-
destructive testing ﬁeld12–16 due to the following advantages:
simple principle,17 high precision, wide scale, high beneﬁt-
cost ratio, strong adaptability,17,18 etc. However, there are still
certain issues in monitoring crack by using electrical potential
technique directly. The ﬁrst issue is that the technique is sensi-
tive to structural shapes,19,20 so the cracks of structures with
complicated shapes are difﬁcult to measure. Besides, it is essen-
tial to locate crack positions for the previous probes layout,21–23
which makes on-line monitoring yet difﬁcult. Moreover, it
may be difﬁcult to monitor cracks of structures with low
electrical conductivity by using this method.24
To solve the drawbacks mentioned above, pulsed bias arc
ion plating technology is introduced into this study. The
research approach is as follows. A Cu conductive coating with
simple certain shape is deposited by pulsed bias arc ion plating
technology on the surface of the structure fatigue critical parts
which can be conﬁrmed through theoretic analysis. If the coat-
ing sensor has excellent damage consistency with the substrate,
when cracks appear on the surface of these parts, the corre-
sponding cracks will also initiate at the coating sensor. By
using electrical potential difference principle, relevant informa-
tion about crack can be obtained through analyzing the electri-
cal potential value change of the coating aroused from crack
initiation and propagation, thus it is possible to realize struc-
ture surface crack monitoring.
This paper mainly presents a crack monitoring method
based on Cu coating sensor and electrical potential difference
principle. And we also investigate how to prepare a suitable Cu
coating sensor integrated with substrate ﬁrmly, whether the Cu
coating sensor has excellent damage consistency with the
2A12-T4 aluminum alloy substrate, whether preparing the
Cu coating sensor would lead to obvious negative inﬂuence
on fatigue performance of the substrate, and how to monitor
structural cracks with Cu coating sensor.Fig. 2 Schematic illustration of Cu coating sensor.2. Methodology
2.1. Materials
2A12-T4 aluminum alloy sample with center hole was chosen
as the research object to verify the feasibility of this method.The composition of 2A12-T4 aluminum alloy is as follows:
Cu 3.80wt%–4.90wt%, Mg 1.20wt%–1.80wt%, Si 6 0.50wt%,
Fe 6 0.50wt%, Zn 6 0.30wt%, Ni 6 0.10wt%, impurity
6 0.10wt% and Al balance. The sample prepared by the
national standard GB/T 228–2002 is shown in Fig. 1, and
the thickness of the sample is 2 mm.
2.2. Cu coating sensor
The shape of the Cu coating sensor is shown in Fig. 2. The
coating sensor consists of two layers: the dielectric isolated
layer and the conductive sensing layer, which are obtained
by anodic oxidation technology and pulsed bias arc ion plating
technology, respectively. The purpose of the dielectric isolated
layer is to separate the conductive sensing layer and the sub-
strate to make sure only the target monitoring area on sample
surface is conductive. The Cu conductive sensing layer pre-
pared on the surface of structure fatigue critical parts which
can be conﬁrmed as the target monitoring area through theo-
retical analysis is the function layer. The crack initiation and
propagation on coating sensor induced by structural crack will
change the electric ﬁeld of the conductive sensing layer, which
is shown as ﬂuctuation of electrical potential values, thereby
obtaining the information about structural crack through
monitoring the electrical potential values of the coating sensor.
2.3. Damage consistency veriﬁcation
It is the precondition and basis of monitoring structural crack
with the coating sensor, for it has a good bonding strength and
an excellent damage consistency with substrate. Two methods
were employed to investigate the damage consistency of coat-
ing sensor with substrate of 2A12-T4 aluminum alloy in this
study. One was the strain contrast of static tension sample.
The strain gauges were stuck on the corresponding positions
on both sides of the sample, on one side of which the coating
sensor was prepared beforehand. The strain data of the coating
and the substrate of 2A12-T4 aluminum alloy in the static ten-
sion test were collected and analyzed. The other was the phe-
nomena observation in fatigue experiment. The reading
microscope (resolution: 0.1 mm) was employed to observe
whether the Cu coating sensor was integrated with the
Table 2 Deposition process parameters.
Process condition Value
Temperature (C) <130
Arc current (A) 40–60
Ar pressure (Pa) 0.4–2.0
Negative bias (V) 200
Deposition time (min) 20–40
Fig. 3 Photograph of actual Cu coating sensor on sample.
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tency during the fatigue experiment process.
2.4. Fatigue performance contrast
The real-time structural crack monitoring cannot be at the cost
of the depreciation of the substrate structure’s mechanical per-
formance, otherwise this monitoring method will lose its engi-
neering application value. In order to investigate the fatigue
performance changes of the 2A12-T4 aluminum alloy sample
induced by prepared coating sensor in this study, a contrast
experiment was carried out. Three group samples, including
the original samples, the insulation treated samples and the
samples with the coating sensor, were tested in this experiment.
2.5. Crack monitoring experiment
In order to verify the feasibility of this metallic structural crack
monitoring method, a crack monitoring experiment based on
Cu coating sensor and electrical potential technique was car-
ried out. The electrical potential data of the Cu coating sensor
was collected in this experiment. And the correlation between
the variation range of the electrical potential value and the
structural crack origination and propagation was studied.
3. Coating sensor preparation
3.1. Dielectric layer
Considering the material of the sample, anodic oxidation tech-
nology15 was applied to preparing alumina ﬁlm as the dielec-
tric layer. After ground by abrasive paper and cleaned in the
acetone, the samples were anodized with direct current in ano-
dic oxidation solution. The composition of the solution is as
follows: H2SO4 (relative density d= 1.84) 40–50 g/L, H3BO3
5–10 g/L, Al3+ < 5.5 g/L. Table 1 shows the anodic oxidation
process parameters. The thickness of the anodic oxidation
layer prepared in this study is about 10 lm.
3.2. Conductive layer
Pulsed bias arc ion plating technology was employed in this
study to prepare the conductive layer of the coating sensor,
and copper was used as material for the conductive layer.
After being mechanically polished, the samples were ultrason-
ically cleaned for 5 min in pure water and acetone, respec-
tively. Then, the samples were set up on the sample holder,
and argon bombardment cleaning was carried out at the bias
voltage of 500 V in a vacuum of 2.0 Pa for 5–10 min to
improve the adhesion of the coating to the substrate. Finally,
the Cu coating was deposited by the pulsed bias arc ion platingTable 1 Anodic oxidation process parameters.
Process condition Value
Temperature (C) 25–33
Direct current voltage (V) 14–20
Current density (AÆdm–2) 0.4–2.5
Time (min) 30–60equipment. The deposition parameters are listed in Table 2.
The thickness of the conductive layer should be controlled
within a proper range by adjusting the parameter combination,
which is between 2–5 lm in this study. The Cu coating
sensor ﬁnally obtained on the surface of the sample is shown
in Fig. 3.
Since the conductivity of the Cu coating sensor is consid-
ered as the crack sensing element, its stability is extremely
important. The resistance test of the Cu coating sensor shows
there is no obvious variation of the resistance at different stor-
age time, which proves that the resistance property of the Cu
coating sensor is stable.
4. Damage consistency veriﬁcation
4.1. Strain contrast test
The strain contrast test of static tension samples was carried
out by MTS810 electro-hydraulic servo testing system in air
and at room temperature. The load error of the MTS810
electro-hydraulic servo testing system was less than 1%. DH-
3816 static strain testing system was employed for strain mea-
surement. The measuring range is from 19,999 to 19,999 le,
and measuring accuracy is 1 le.
At ﬁrst, the strain gauges were stuck at the same place of
both sides of the samples, on one side of which the coating sen-
sor of 5 lm was prepared beforehand, as shown in Fig. 4. The
strain gauge was reset to zero and then static tension test
of the sample was carried out. Step loading was employed in
the test and each level of the loads was 1 kN. The strain of
the coating sensor and the substrate of 2A12-T4 aluminum
alloy in the static tension test were measured. When the
sample was fractured, the test was terminated. Testing ﬁeld
is shown in Fig. 5.
In order to eliminate measuring error, the strain gauges
were also stuck at the same position of the original sample,
and the same test was carried out for reference.
The strain data of the original sample and the sample with
the coating sensor are shown in Fig. 6. The measuring data of
A, B, C and D belongs to the sample with the coating sensor,
the measuring data of A and B are the strain values of the sub-
strate, and the measuring data of C and D are the strain values
of the coating sensor. AO, BO, CO and DO correspond to A,
Fig. 4 Photograph of sample with strain gauges.
Fig. 5 Testing ﬁeld of static tension strain.
Fig. 6 Comparison of static tension strain values.
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strain values of the corresponding position of the original
sample.Fig. 7 Phenomena observation durIt can be found from Fig. 6 that (1) The strain values of the
coating sensor coincides well with those of the substrate, which
means the coating sensor has excellent damage consistency
with the substrate; (2) The measuring data of the sample with
the coating sensor have a good consistency with that of the
original sample, which means the result of the strain contrast
test is authentic.
In addition, the strain applied to the coating sensors was up
to 3500 le; however, there was no disbonding of the costing
sensor from the substrate, which provides the support for
application in high stress environment.
To verify the repeatability of the results, the strain contrast
test was repeated on another three original samples and
another three samples with the coating sensor of 2–4 lm,
which gave similar results.4.2. Fatigue experiment
The fatigue experiment was carried out on the sample with the
coating sensor of 5 lm, which was the same as the sample used
in the strain contrast test, by MTS810 electro-hydraulic servo
testing system in air and at room temperature. The reading
microscope (resolution: 0.1 mm) was employed to observe
the experiment phenomena. The experimental parameters were
set as follows: loading frequency f= 15 Hz, stress ratio
R= 0.01, maximum stress rmax = 150 MPa.
As shown in Fig. 7(a), the central hole of the sample shifted
from a round into an oval as the experiment went on. Fig. 7(a)
indicates that substrate deformation incurred plastic deforma-
tion appearing on the coating sensor. Observing through the
reading microscope, it could be found that there were no phe-
nomena of discontinuity or shedding found on the coating
sensor.
Along with the experiment, structural surface crack initi-
ated and propagated over the coating sensor, which is shown
in Fig. 7(b). It can be found from Fig. 7(b) that the coating
sensor cracked correspondingly when the structural crack
propagates over the coating sensor. Observing through the
reading microscope, it could be found that except the cracked
sector, there was no phenomena of discontinuity or shedding
on the coating sensor.
After the fatigue experiment, the morphology of the coating
sensor is shown in Fig. 7(c). It can be found from Fig. 7(c)
that there is no phenomenon of discontinuity or shedding on
the two parts of the fractured coating sensor.
The above experiment phenomena show that during the
whole process of the structural crack origination and propaga-
tion, the coating sensor is integrated with the substrate ﬁrmly,ing fatigue experimental process.
Fig. 8 Circuit diagram of crack monitoring experiment.
Fig. 9 Photograph of crack monitoring experiment ﬁeld.
Table 3 Fatigue performance test results.
Sample type Load cycle N (104)
2 MPa/
200 MPa
1.8 MPa/
180 MPa
1.6 MPa/
160 MPa
1.5 MPa/
150 MPa
2A12-T4 sample 1.03 2.96 3.08 3.83
Sample after
anodic oxidized
1.21 2.58 3.24 3.59
Sample after ion
plating
1.14 2.37 2.94 4.86
936 B. Hou et al.and the coating sensor and the substrate exhibit a good dam-
age consistency.
To verify the repeatability of the result, the fatigue experi-
ment was repeated on another three samples with the coating
sensor of 2–4 lm, which showed the same result.
5. Fatigue performance contrast
Three groups of samples, the original 2A12-T4 samples, the
insulation treated samples and the samples with the coating
sensor, were used to study the effect of preparing the Cu coat-
ing sensor on the fatigue performance of 2A12-T4 aluminum
alloy substrate. The experiment was loaded by the MTS810
electro-hydraulic servo testing system in air and at room tem-
perature. The experimental parameters were set as follows:
R= 0.01, f= 15 Hz. The fatigue cycle numbers were docu-
mented. Table 3 shows the fatigue performance test data of
the three groups of the samples. It proves that there is no obvi-
ous inﬂuence on the fatigue performance of the 2A12-T4 alu-
minum alloy after depositing the Cu coating sensor on its
surface by pulsed bias arc ion plating technology, which provesthat pulsed bias arc ion plating technology applied in this
study is suitable.
6. Crack monitoring experiment
Finally, crack monitoring experiment was carried out, and the
correlation between the electrical potential values of the Cu
coating sensor and the fatigue crack was studied in this exper-
iment. Fig. 8 shows the schematic illustration of the crack
monitoring circuit, in which, R represents the resistance of
the Cu coating sensor and the constant voltage source together
with the slide rheostat R0 forms an approximate constant direct
current.
6.1. Experimental procedures
The crack monitoring experiment was also loaded by the
MTS810 electro-hydraulic servo testing system in air and at
room temperature, as shown in Fig. 9. Constant amplitude
loading was applied in this experiment and the experimental
parameters were set as follows: loading frequency f= 15 Hz,
stress ratio R= 0.05, maximum stress rmax = 140 MPa.
During the monitoring experiment, the electrical potential
values of the Cu coating sensor were acquired and recorded
along with the crack propagation by the ART USB2828 data
acquisition card and the VICTOR86B digital multimeter. In
order to simplify and ignore the issue that crack opening and
crack closure would cause large variation25,26 in measured elec-
trical potential, the sampling frequency was set to 3 Hz (one
ﬁfth of loading frequency) so that each electrical potential data
was acquired under the same load of the fatigue cycles.
The traveling microscope (resolution: 0.1 mm) shown in
Fig. 9 was used to observe the phenomena on the surface of
the coating sensor during the crack monitoring.
6.2. Results and analysis
The whole crack monitoring process lasted for 74 min and 48 s.
Fig. 10 shows the electrical potential value variation of the
coating sensor during the experiment. It can be found from
Fig. 10 that the electrical potential value of the coating sensor
changes regularly along with the crack formation and propaga-
tion. The electrical potential-time curve can be divided into
four parts. In the ﬁrst part before point A, the change of the
electrical potential value is every little, which corresponds to
the fact that there is little fatigue damage at the beginning of
the fatigue loading. In the second part between the point A
and point B, the electrical potential value increases continu-
ously ﬁrst and then tends to be stable, which is most likely
the result of the plastic deformation accumulation of the sam-
ple. In the third part between the point B and point C, the elec-
trical potential value almost remains constant, which
corresponds to the fatigue crack initiation stage. In the fourth
part between point C and point D, the electrical potential value
increases continuously with time, and this part corresponds to
the fatigue crack propagation. As a note, a small crack was
observed on the coating sensor at the pointC under the electron
microscope, and the sample suddenly fractured at point D.
The change extent and trend of the measuring data can be
taken as the criterion for judging the fatigue crack stage.
However, in order to monitor crack length effectively based
Fig. 10 Variation of electrical potential values of Cu coating
sensor versus experimental time.
Fig. 11 Normalized resistance difference change versus crack
length.
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crack length and electrical potential change should be
investigated.
As a crack propagates through the substrate as well as the
sensor, due to a continuous reduction in conductive area, there
will be a difference between the instantaneous resistance (at
different lengths of crack, RI) and the characteristic resistance
(at zero length of crack or when the crack gained notice, RLm),
which can be expressed by means of the corresponding electri-
cal potential value. Hence, we introduced a new sensing
parameter, normalized resistance difference, (RI  RLm)/RLm.
Based on Ohm’s law, we concluded that the normalized
resistance difference should be purely a function of crack
length. Fig. 11 shows the normalized resistance difference as
a function of crack length.
The analytical result shows that the normalized resistance
difference increases with a quadratic function of crack length
approximately. The result corresponds to the result of the
Ref.26. The second-order coefﬁcient, ﬁrst-order coefﬁcient
and constant term are 0.0012, 0.0023, and 0.0002, respec-
tively, and the correlation index is 0.99. Based on the function
between the normalized resistance difference and crack length,
the coating sensor can be effectively used to detect the crack
length.It should be noted that the function is not yet tenable
because of sharp increase in the resistance when crack propa-
gates to the edge of the coating sensor (approximately at the
outside 20% of the total sensor width). In response to this
issue, we provide two solutions: (1) increase the design width
of the coating sensor; (2) establish the subsection function
between the normalized resistance difference and crack length.Acknowledgement
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